We previously identifi ed a region near the centromere of barley (Hordeum vulgare L.) chromosome 6H that harbors two closely linked net form net blotch resistance genes (rpt.r and rpt.k). In this study, we mined barley expressed sequence tag (EST) databases and developed EST-derived markers for further mapping of this region in a population derived from 'Rika' and 'Kombar'. Additionally, we did a comparative analysis of this region to other grass species. Fifteen newly developed markers were added to the previous map, and most were distributed within a 27.0-cM interval spanning rpt.r and rpt.k. The two resistance loci were delineated to a 1.6 cM genetic interval. Comparison of mapped ESTs along chromosome 6H to wheat bin-mapped ESTs suggests that rpt.r and rpt.k are most likely located on the long arm of chromosome 6H. Comparative analysis revealed that a 12.6-cM region containing the two resistance loci is colinear with a region of rice chromosome 2 between 23.7 and 29.9 Mb with only a few rearrangements, and nearly the same level of colinearity was observed between barley and Brachypodium in this region. This work refi nes the genetic and physical location of rpt.r and rpt.k and provides an initial step toward the map-based cloning of these two genes.
D
ESPITE having a large genome with a large amount of repetitive DNA, barley has been the subject of intensive genomic studies. One of the most benefi cial resources developed is a large collection of expressed sequence tags (ESTs). According to Sreenivasulu et al. (2008) , a total of 437,713 barley ESTs generated from diff erent cDNA libraries were deposited in GenBank at NCBI by 14 Sept. 2007, from which 50,453 unigenes with 23,176 tentative consensus (TC) sequences and 27,094 singletons have been identifi ed.
Th e large number of ESTs provides an excellent source for developing diff erent types of DNA markers for genetic linkage mapping. Barley ESTs have been used to develop simple sequence repeat (SSR) markers Varshney et al., 2006) , single nucleotide polymorphism (SNP) markers (Kota et al., 2003; Rostoks et al., 2005; Stein et al., 2007; Sato et al., 2009; Close et al., 2009) , sequence tagged site (STS) markers (Mammadov et al., 2005; Marcel et al., 2007) , and restriction fragment length polymorphism (RFLP) markers (Stein et al., 2007) . Rostoks et al. (2005) reported the fi rst barley genetic linkage map that incorporated more than 300 SNP markers derived from barley ESTs. Th e fi rst comprehensive barley transcript map was recently developed by Stein et al. (2007) using more than 1000 THE PL ANT GENOME JULY 2010
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EST-derived markers (RFLPs, SSRs, and SNPs) . With this high-density transcript map, Stein et al. (2007) made a systematic comparison to the rice genome providing extensive information on colinearity between barley and rice across the whole genome. More recently, two high density transcript linkage maps of barley were reported by Sato et al. (2009) and Close et al. (2009) which contain 2890 and 2943 loci, respectively, derived from barley ESTs. Both of these maps provide detailed colinearity comparisons to rice at the whole genome level. Due to the remarkable colinearity among grass species, EST-derived markers can be used for saturation mapping of targeted genomic regions by using genomic information from other grass species including wheat (Triticum aestivum L.), rice (Oryza sativa L.), and Brachypodium. In wheat, more than 16,000 EST loci have been physically mapped to specifi c chromosome bins using wheat chromosome deletion lines . Th ese bin-mapped ESTs are not only useful for saturation and high-resolution mapping in wheat (Lu et al., 2006; Reddy et al., 2008) , but can also be used to identify homologous barley ESTs for extensive mapping of homologous barley regions. Colinearity between rice and barley has been examined at both the macro and micro levels (Saghai Maroof et al., 1996; Smilde et al., 2001; Dunford et al., 2002; Perovic et al., 2004; Rostoks et al., 2005; Stein et al., 2007) and exploited to develop EST-based markers for saturation mapping of several genetic loci (Schmierer et al., 2003; Gottwald et al., 2004; Perovic et al., 2004; Mammadov et al., 2005) . Brachypodium, a wild temperate grass, has also been proposed as a model for studying the genomics of cereals due to the small size of its genome (Draper et al., 2001; Vogel et al., 2006; Bossolini et al., 2007; Faris et al., 2008) . Th e genome sequence of Brachypodium has been completed and is available for public use (See http://www.brachybase.org [verifi ed 17 May 2010] ); however, no direct comparative analysis of barley and Brachypodium has yet been reported.
Barley net blotch, caused by Pyrenophora teres Drechs. [Anamorph: Drechslera teres (Sacc.) Shoem.] , is a common foliar disease in all barley growing areas worldwide (Shipton et al., 1973; Mathre, 1997) . Net blotch can cause signifi cant yield loss and negatively aff ect grain quality. Yield losses due to net blotch typically range between 10 and 40%, but complete yield loss is also possible if highly susceptible cultivars are grown and environmental conditions are favorable (Mathre, 1997) . Net blotch of barley gained its name from the distinct net like symptom induced on infected barley leaves, appearing as a dark brown blotch containing longitudinal and transverse striations. However, a spot-like symptom can also be incited by the pathogen and was fi rst reported by Smedegård-Petersen (1971) . Pathotype names P. teres f. teres (net form) and P. teres f. maculata (spot form) are used to diff erentiate the two forms causing the diff erent symptoms; however, the growth and morphology of the two pathogen forms is not distinct. Th e geographical distribution and importance of the two types of disease may vary in diff erent regions, but both types have been reported as prevalent diseases in many areas (McLean et al., 2009) .
Classical genetic analysis has indicated that resistance to barley net blotch is oft en controlled by major genes, but it is dependent on the cultivars and pathotypes used (Steffenson and Webster, 1992; Ho et al., 1996; Jonsson et al., 1999) . Major gene resistance has been shown to be incompletely dominant (Schaller, 1955) , dominant (Khan, 1969; Khan and Boyd, 1969; Graner et al., 1996) , recessive (Ho et al., 1996) , duplicated (Khan and Boyd, 1969) , and complementary (Jonsson et al., 1999) . Using trisomic analysis, Bockelman et al. (1977) identifi ed four independent resistance genes (Rpt1a, Rpt1b, Rpt2c, and Rpt3d) located on three diff erent chromosomes. Since the 1990s, molecular mapping and quantitative trait locus (QTL) analysis has been used to identify chromosome locations and estimate the eff ects of barley net blotch resistance genes. Although various chromosomes have been identifi ed harboring genes conferring net form net blotch resistance, numerous studies have implicated regions on chromosome 6H associated with net blotch resistance with eff ects ranging from 10 to 83% (summarized in Abu Qamar et al., 2008) . A recent report also showed a Minnesota breeding line carries net form net blotch resistance on chromosome 6H (St. Pierre et al., 2010) . In a barley population derived from a cross between barley lines 'Rika' and 'Kombar' (RK population), we recently identifi ed two genes (rpt.r and rpt.k) in the centromeric region of chromosome 6H associated with net blotch resistance. Interestingly, Rika and Kombar confer opposite reactions to the two isolates 15A and 6A with susceptibility being dominant in both cases, and resistance to each pathotype segregating in repulsion (Abu Qamar et al., 2008) .
Because barley chromosome 6H is important for net blotch resistance, further investigation of this genomic region is needed. Th e objectives of this study were to (i) develop EST-based markers for further mapping of the rpt.r/rpt.k region of chromosome 6H in the RK population to refi ne the location of the two resistance loci; (ii) conduct genomic comparisons between barley, wheat, rice, and Brachypodium within this region to determine the level of colinearity among them; and (iii) evaluate marker haplotypes of additional barley lines to determine if they carry the same resistance genes.
MATERIALS AND METHODS

Plant Materials
In this study, the RK population of 118 doubled haploid lines described by Abu Qamar et al. (2008) was used to map EST-derived markers. Th is population has been evaluated for reaction to net form isolates (P. teres f. teres) 15A and 6A, and two recessive resistance genes (rpt.r and rpt.k) were mapped to a region on chromosome 6H (Abu Qamar et al., 2008) . Twenty barley lines (Table 1) varying in net blotch resistance have routinely been used as diff erential lines to test the virulence of diff erent P. teres f. teres pathotypes (Steff enson and Webster, 1992; Wu et al., 2003) . Th ese barley lines were used to evaluate the molecular markers that map close to rpt.r and rpt.k in the RK population. Reaction of the 20 lines to isolates 15A and 6A were examined in the growth chamber using the same procedure as described in Abu Qamar et al. (2008) and classifi ed as resistant (infection type: 1-3.0), moderately resistant ( > 3.0-5.0), moderately susceptible ( > 5.0-7.0), or susceptible ( > 7.0).
Barley Expressed Sequence Tag Mining
In our previous study (Abu Qamar et al., 2008) , the two linked resistance genes (rpt.r and rpt.k) were localized to the centromeric region on chromosome 6H. We exploited three approaches to mine barley ESTs. First, wheat ESTs mapping to deletion bins C-6AS-1-0. Rostoks et al., 2005) .
In a second approach, we used information obtained from the barley database at Okayama University, Japan (http://www.shigen.nig.ac.jp/barley/ [verifi ed 17 May 2010]), which contains 134,928 barley EST entries. Some of these sequences have been placed on rice genetic maps based on their homologies to rice ESTs or genomic sequences. Barley chromosome 6H has been shown to be highly colinear to rice chromosome 2 (Stein et al., 2007) . Two EST markers (GBS0468 and ABC01797) known to be closely linked to rpt.r and rpt.k had signifi cant similarity to the 89.9 and 101.2 cM genetic positions in rice chromosome 2, respectively. Because the resistance loci mapped distal to ABC01797 on the long arm of barley 6H, the sequences of barley ESTs that mapped within the 89.8 to 123.9 cM interval of rice chromosome 2 were downloaded from the website (http://earth.lab.nig.ac.jp/~dclust/cgibin/barley_map_pub/search_barley_map.cgi?& NAME = &TYPE = &FLG = 0&CHRO = 2 [verifi ed 17 May 2010]). Th e EST sequences obtained from the above were fi rst screened for the presence of putative SSRs using a Perl script obtained from Dr. Shaobin Zhong at North Dakota State University (Fargo, ND). ESTs containing at least fi ve copies of repeats were preferentially selected for primer design. Th e remaining ESTs that did not contain SSRs were randomly chosen to design primers for developing STS markers. All primers were designed from selected ESTs using the web-based primer design program Primer3 In a third approach, we used EST-derived markers from the previously published barley transcript maps (Rostoks et al., 2005; Stein et al., 2007) . Th e primers for those markers were directly obtained from the article, the Graingenes website (http://wheat.pw.usda.gov/GG2 [verifi ed 17 May 2010), or were re-designed. All primers were synthesized by Eurofi ns MWG Operon (Huntsville, AL).
Marker Development and Genetic Mapping
Primers were fi rst screened for polymorphism on parental lines Rika and Kombar using the procedures described in Abu Qamar et al. (2008) . Polymerase chain reaction (PCR) products were initially separated on 6% polyacrylamide gels using Long Ranger gel solution (Lonza Rockland, Rockland, ME). If no polymorphism was detected, the PCR products were run on MDE gels (Lonza Rockland, Rockland, ME) to detect single stranded conformational polymorphisms (SSCPs) as described by Lu et al. (2006) . Th e primers detecting polymorphisms were run on the fi rst 16 DH lines of the population to determine if the polymorphic fragments mapped to the targeted region of 6H. If the markers mapped to the 6H region, genotyping was performed on the remaining 102 DH lines. Th e new marker data were combined with the previous marker data and the two phenotypic markers (rpt.r and rpt.k) to construct a genetic map of chromosome 6H. Th e linkage map was assembled using MAPMAKER v2.0 for Macintosh (Lander et al., 1987) with a minimum logarithmic of the odds (LOD) threshold of 3.0 and the Kosambi mapping function (Kosambi, 1944) as described by Liu et al. (2005) . Th e 'RIPPLE' command was used to validate the fi nal marker order. Markers not mapping at a LOD of 3.0 were placed in their most likely positions along the map.
Basic Local Alignment Search Tool (BLAST) Similarity Searches
Th e sequences of the mapped barley ESTs or RFLP clones were used as queries in BLASTn (Altschul et al., 1997) searches of mapped wheat ESTs or wheat EST contigs containing mapped ESTs on the Graingenes website 
Marker Haplotyping
Markers closely linked to rpt.r and rpt.k were used to determine the haplotypes of barley diff erential lines. DNA was extracted from fresh leaf tissue of each of the twenty barley diff erential lines (Table 1) following the procedure described by Aljanabi and Martinez (1997) . Th e markers were tested on the 20 diff erential lines following the same procedure used for the RK population. Th e lines were scored for each marker locus using a 1 for a Rika-type allele and a 0 for a Kombar-type allele. If diff erent alleles were present, the alleles were recorded alphabetically starting from A based on the size of alleles.
RESULTS
Expressed Sequence Tag Mining
A total of 145 unique wheat EST sequences were identifi ed in wheat deletion bins C-6AS1-0.35, C-6BS5-0.76, and C-6DS2-0.45 and resulted in the identifi cation of 81 Aff ymetrix barley contigs (ABC). From the barley database at the website of Research Institute for Bioresources, Okayama University, we obtained a total of 417 barley EST sequences that were located from 89.8 to 123.9 cM on rice chromosome 2 as a second source for marker development. Th erefore, a total of 498 barley EST sequences were obtained from the above two approaches and scanned for SSRs. Th ere were 33 (6 from approach 1 and 27 from approach 2) ESTs containing at least fi ve copies of SSRs, and those ESTs were preferentially selected for primer design. An additional 65 sequences (56 from approach 1, and 9 from approach 2) were randomly chosen for primer design and marker development. In addition, nine previously reported barley EST-based markers that mapped close to the rpt.r/ rpt.k region (Rostoks et al., 2005; Varshney et al., 2006; Stein et al., 2007) , including Scsnp01238, Scssr02093, Scsnp01243, Scsnp04320, Scsnp18140, Scsnp06878, Scind04992, GBS0088, and GBS0852, were included in this study. Th erefore, a total of 107 primer pairs were synthesized for marker development (Supplemental Table 1 ).
Expressed Sequence Tag Mapping
Of the 107 primer pairs tested for polymorphism between Rika and Kombar, 36 pairs (33.6%) amplifi ed polymorphic fragments, among which 15 detected loci within the targeted region on chromosome 6H (four from approach 1, seven from approach 2, and four from approach 3) (Table 2 ). Markers ABC07920, rbah21 g15, rbags39h18, and bah55b22, which contained SSRs and were detected on standard polyacrylamide gels, whereas the others were mapped as SSCPs, suggested that the polymorphism of these markers between Rika and Kombar was likely due to single nucleotide diff erences rather than fragment length diff erences. Th e chromosome 6H linkage map in the RK population was constructed using the 15 newly developed ESTbased markers in combination with the 17 previously reported DNA markers (Abu Qamar et al., 2008) and the two phenotypic markers (rpt.r and rpt.k). Th e current 6H map spanned 125.5 cM in genetic distance, similar to that identifi ed previously (Abu Qamar et al., 2008) . However, the genetic order and position of the two resistance loci and some previously mapped markers changed slightly with the addition of the new markers (Fig. 1) . Th e fi ft een newly developed markers were mostly distributed within a 26.9 cM genetic interval (85.1~112.0 cM) spanning rpt.r and rpt.k. Th e marker density within this 26.9-cM interval was increased to 2.2 cM/marker. Th e rpt.k and rpt.r loci were delineated to a 1.6-cM genetic interval fl anked by RFLP marker BE636841 0.8 cM proximal to rpt.k and two co-segregating PCR-based markers (ABC04320 and rbah21 g15) 0.8 cM distal to rpt.r (Fig. 1) . Seven new markers together with four previously mapped markers cosegregated 1.6 cM proximal to the two resistance loci, and fi ve new markers mapped relatively close on the distal side of rpt.r and rpt.k. Putative functions based on BLASTx searches of the NCBI nr database for all the ESTs mapped to 6H are shown in Table 3 .
Map Comparisons
We compared the current chromosome 6H map with other previously published genetic maps including a consensus SNP map (Rostoks et al., 2005) , high density transcript maps (Stein et al., 2007) , and a consensus SSR map (Varshney et al., 2006) , which are shown in Fig. 1. Five markers (cMWG652, ABC06204, ABC01797 , ABC06878, and ABC04320) were found in common between this map and the consensus SNP map, and marker order between the two maps was very similar. Th e common markers between this map and the one reported by Stein et al. (2007) were cMWG652A, GBM1075, GBM1423, ABG458, GBS0088, and GBS0468. Diff erences between these two maps included the relative position of ABG458 to GBM1423 and GBS0088. On our map ABG458 was on the distal side of GBM1423 and GBS0088, whereas it was mapped on the proximal side of the two markers in the Stein et al. (2007) map. Also, the genetic distance between GBS0088 and GBS0468 was 0.0 cM on our map compared to 6.4 cM on the Stein et al. (2007) map. Our map and the consensus SSR map of Varshney et al. (2006) contained fi ve SSR markers in common (Bmac0316, cMWG652A, GBM1075, GBM1423, and Bmag0496) and the map positions for those markers were highly similar between the two maps. In addition, comparisons were made between our map and two recently published high density transcript maps (Close et al., 2009; Sato et al., 2009) . Four barley ESTs including ABC02314, ABC01243, ABC06878, and ABC09660(GBS0088) were used to develop SNP markers by Close et al. (2009) and mapped at positions 42.36, 55.00, 55.65, and 55.65 cM, respectively. Th e order of these four markers is very similar in the RK 6H map. Only one common marker (rbags39h18) was found between the RK 6H map and the one published by .
Macro-colinearity of Barley with Wheat, Rice, and Brachypodium
Th e sequences of 30 mapped markers including ESTs and RFLP clones along chromosome 6H were used to search wheat bin-mapped ESTs and tentative consensus containing bin-mapped ESTs. Fift een of the marker sequences had signifi cant matches to wheat ESTs that mapped to group 6 chromosomes (Fig. 2) . Most of the obtained wheat ESTs had been assigned to deletion bins on the consensus physical map of wheat group 6 chromosomes, but BE591692, which had signifi cant similarity to ABC16030, and BE499497, which had signifi cant similarity to rbah58k07, had only been assigned to the short and long arms, respectively (Fig. 2) . Th e barley ESTs that mapped within the 23.3-to 89.3-cM interval on the RK map all had signifi cant matches to wheat ESTs that were physically localized to group 6 chromosome short arm bins, whereas ESTs from 93.1 to 125.5 cM on the RK map had signifi cant matches to wheat ESTs in the long arm bins (except ABC16030). Because rpt.k and rpt.r reside at positions 95.1 and 96.8 cM, we conclude that these resistance genes most likely reside in the long arm of chromosome 6H. Th e ABC sequences for 23 mapped barley ESTs were obtained from the barley SNP database website and were used as queries in BLASTn searches of rice and Brachypodium genomic sequences. All the barley EST sequences had signifi cant matches to sequences on rice chromosome 2 and Brachypodium chromosome 3, except for GBM1075 and bah17 g14, which had signifi cant matches to sequences of rice chromosome 8 and Brachypodium chromosome 4, respectively (Table 3) . Although a few chromosome rearrangements were evident, the level of macro-colinearity between barley 6H and rice chromosome 2 was generally good. In particular, the 85.1-to 106.5-cM interval of chromosome 6H was highly colinear with the 23.5 to 29.9 Mb (6.4-Mb interval) physical segment of rice chromosome 2 with the exception of ESTs GBM1423, ABC02222, and ABC09207, as well as an inversion of ABC01797 (Fig. 3) . Th e 1.6-cM interval containing the two resistance loci delineated by markers BE686341 and ABC04230 appears to be colinear with the physical region between 24.6 and 25.2 Mb of rice chromosome 2.
Nearly identical results were obtained when comparing barley and Brachypodium. Th e same fi ve ESTs that were not colinear between barley and rice were not colinear between barley and Brachypodium, whereas the remaining ESTs, with the exception of ABC01243, were in perfect colinearity (Fig. 3) . Th e Brachypodium segment corresponding to the rpt.r/rpt.k region between markers BE686341 and ABC04230 was 0.5 Mb in size. Th e order (Rostoks et al., 2005) , high density transcript map (Stein et al., 2007) , and consensus simple sequence repeat (SSR) map (Varshney et al., 2006) . The RK 6H linkage map was constructed using 15 newly developed expressed sequence tag (EST)-derived markers (in bold) with 17 previously reported markers and two resistance loci (in red). The boxes indicate co-segregating markers, and the markers not mapping at LOD > 3.0 were placed in the most likely position. For comparison purposes, the other maps were shown only with several common markers. Map positions are given in centimorgans (cM) to the left and markers are shown along the right. Different dashed lines indicate common loci between the RK 6H map and other 6H maps.
of all the mapped ESTs was nearly identical between Brachypodium and rice indicating that the rearrangements observed in barley chromosome 6H occurred aft er the divergence of Brachypodium and barley.
Genotyping of Barley Differential Lines with Mapped Markers
We evaluated ten markers on 20 commonly used barley net blotch diff erential lines that vary in origin (Table 1) . A total of 15 marker haplotypes were detected with more harboring Rika alleles than harboring Kombar alleles at all loci except GBM1075, bah49c21, and Bmag0496 (Table  4 , Fig. 4) . In many cases, barley lines of the same origin harbored similar marker alleles. For example, Harbin, Manchuria, Manchurian, Ming, and Tifang, all originating from China, had identical or very similar allele types across the 10 markers. Only two lines (Beecher and Atlas) and one line (CI11458) had exactly the same alleles as Kombar and Rika, respectively. Beecher and Atlas also had very similar disease reactions as Kombar, and CI11458 had very similar disease reactions as Rika, indicating the potential for similar resistance genes in each grouping. CI9214 and Prato showed very similar reactions to 15A and 6A as Kombar, but carry marker alleles similar to Rika. For the remainder of the lines, none had exactly the same disease reaction as Kombar and Rika nor did they have the same allele type.
In the RK population, 11 markers co-segregated without recombination in all 118 lines (Fig. 1) . Six of these markers were tested in the 20 barley diff erential lines and only two of them (GBS0468 and GBS0088) had identical marker types across all 20 diff erential lines (Table 4) , while the others had recombination events that occurred between them. Th is is somewhat expected because we would expect to observe more recombination events among a wide range of genetic material compared to artifi cially constructed mapping populations.
DISCUSSION
Th e identifi cation of SNPs is the most common strategy for developing EST-based markers due to their high level of polymorphism and their ability to be used in high throughput genotyping (Rostoks et al., 2005; Stein et al., 2007) . However, the development of SNP markers is timeconsuming and expensive due to sequencing requirements from multiple sources. Here, we exploited SSRs within ESTs when available, or we visualized conformational polymorphisms using a high performance polyacrylamide gel matrix. In doing so, we developed 15 markers from 107 ESTs. Th erefore, this study demonstrated a rapid way of developing EST-based markers for saturation mapping of the target barley region by using comprehensive cereal genomic information. Compared to our previously published chromosome 6H linkage map (Abu Qamar et al., 2008) , marker density was increased dramatically at the region containing rpt.k and rpt.r. In addition, the two resistance loci were delineated to a smaller interval with two fl anking markers at distances of 0.8 cM on either side. However, no markers co-segregated with either of the resistance loci. A single recombination event between BE686431 and rpt.k was detected in DH line RK85. Line RK85 has the Rika allele at all loci within the 25 cM genetic interval except the rpt.k locus. Th is may be due to recombination on both sides of the rpt.k gene (double crossover) or, because the change in rpt.k is in the direction of dominant to recessive, it is more likely due to a point mutation in the rpt.k gene, rendering a functional susceptibility gene nonfunctional by interrupting the susceptibility mechanism. If the latter is the case, the BE686431 marker would be a co-segregating marker for rpt.k and the two resistance loci would only be separated by one recombinant (0.8 cM).
We determined that the two resistance loci resided near the centromere, but on the long arm of chromosome 6H. Th ere were 11 cosegregating markers proximal to rpt.k and rpt.r, indicating this region may encompass the centromere where recombination is oft en reduced and therefore the physical to genetic distance ratio is oft en high (Künzel et al., 2000) . Some of these markers were localized to regions with high marker density in other published maps (Rostoks et al., 2005; Stein et al., 2007) . Good macrocolinearity between chromosome 6H and wheat group 6 chromosomes was demonstrated in this study based on 15 of the 30 mapped barley ESTs or RFLP clones along 6H having strong hits to group 6 wheat bin mapped ESTs (Fig.  2) . Most EST-derived markers surrounding the two resistance loci matched wheat ESTs physically located in the long arms of group 6 chromosomes, strongly suggesting the physical location of the two resistance loci to be in the long arm of chromosome 6H. For most of the other published net blotch resistance QTL on 6H, no information is provided on which chromosome arm the QTLs reside. Steff enson et al. (1996) located a major QTL on the long arm of 6H based on information of the fl anking RFLP markers. Th e 6H QTL detected in the Ethiopian barley line CI9819 by Manninen et al. (2006) was proposed to be located in the centromeric region. Several studies (Cakir et al., 2003; Emebiri et al., 2005; Friesen et al., 2006) have determined the SSR marker Bmag0173 to be tightly linked to the 6H net blotch QTL. Bmag0173 was also mapped in the current RK population and was linked to the two resistance loci, therefore, the other resistance QTLs/genes may be either allelic to one of the two loci we identifi ed or closely linked. Th is region is of importance and interest because it harbors multiple net blotch resistance genes. However, because it is apparently located near the centromere, molecular cloning of these resistance genes may be diffi cult due to a low recombination rate as indicated on the map.
A genome wide comparative analysis between barley and rice revealed that barley chromosome 6H is highly colinear with rice chromosome 2 along the whole chromosome (Stein et al., 2007) . Using mapped ESTs, we performed a comparative analysis of barley chromosome 6H and the rice genome. Of the 23 barley ESTs evaluated, all but one had hits on rice chromosome 2, which agreed well with the previous report. In particular, a high level of colinearity was observed between the barley 6H genetic region of 85 to 106.2 cM and the rice chromosome 2 physical region of 23.5 to 29.9 Mb. Using the barley 6H ESTs used in the comparative analysis with rice, we found that 22 of the 23 ESTs had signifi cant matches to Brachypodium chromosome 3, suggesting a high level of macro synteny between barley 6H and Brachypodium chromosome 3. Th e level of colinearity around the two resistance loci between barley and Brachypodium was nearly identical to that observed between barley and rice, indicating evolutionary conservation of this region among the three species. Th is study is the fi rst case of comparative analysis between the Brachypodium genome and this 6H barley region. Based on the colinearity, the rpt.r/rpt.k region between markers BE686341 and ABC04230 roughly corresponds to a 500 kb physical region of Brachypodium chromosome 3. Within this physical interval, there are 63 genes predicted in Brachypodium. Th ese genes provide a valuable source for further marker development and genomic analysis of the rpt.r/rpt.k region.
It is well known that recombination tends to be suppressed in the centromeric and adjacent regions of most organisms. Indeed this is the case for the rpt.r and rpt.k loci and linked markers near the centromeric region of barley 6H. In addition, the markers and resistance loci within this region exhibit extreme segregation distortion as discussed by Abu Qamar et al. (2008) . Th ese factors, in addition to the relatively small population size, make the maps prone to discrepancies in marker order. Hackett and Broadfoot (2003) showed that, whereas segregation distortion will have little eff ect on marker order, missing data and/or genotyping errors can have substantial eff ects on the order of marker loci, especially when the loci are tightly linked. Our marker data was carefully analyzed and the order of markers on our map agreed well with others, but the addition of markers developed in this work to the map generated by Abu Qamar et al. (2008) led to a few small rearrangements, including the position of the resistance loci. Th erefore, a large high-resolution mapping population is needed to validate the order of tightly linked markers and resolve the order of closely linked markers.
Th e use of markers fl anking rpt.r and rpt.k to genotype the 20 barley diff erential lines indicated that most of the lines resistant to 15A and 6A carry allele types that diff er from Rika and Kombar, respectively. One possibility Fig. 3 . Colinearity between the barley 6H region, rice chromosome 2, and Brachypodium chromosome 3. The barley RK 6H genetic map (middle) is shown with the map position and the mapped expressed sequence tags (ESTs). The black arrow indicates the approximate location of the two resistance loci in the map. Rice chromosome 2 (right) was schematically drawn with the length scales for physical distance in megabase pairs (Mb). The physical locations of homologous hits to barley ESTs are indicated as Mb on rice chromosome 2. Brachypodium chromosome 3 (left) was schematically drawn with the 10-30 Mb region omitted. The boxed number indicates the physical location of homologous hits for each of the barley ESTs on Brachypodium chromosome 3.
is that there are genes conferring resistance to 15A and 6A other than rpt.r and rpt.k. Th is is reasonable because many of these diff erential lines were chosen based on their variable backgrounds, specifi cally as it relates to net blotch resistance (Steff enson and Webster, 1992) . Th erefore, the use of fl anking markers in marker-assisted selection for net blotch resistance is only recommended for tracking resistance genes from Rika and Kombar and additional studies are needed to evaluate the genetics of resistance in the other barley lines. No tight linkage between those markers and resistance genes in other lines may also suggest those identifi ed markers are still not physically close to the resistance genes, especially in this centromeric region where recombination frequency is low. When applied to the natural populations in which more recombination events can be detected, those markers would show the breakdown of linkage to the resistance genes.
Th e resistance genes in Rika and Kombar are recessive (Abu Qamar et al., 2008) and may be null alleles of dominant genes conditioning sensitivity to host-selective toxins similar to what has been shown in several other necrotrophic fungi, especially in the Dothideomycete class (Wolpert et al., 2002) . In many cases, pathogen-produced eff ectors of virulence (host-selective toxins) interact directly or indirectly with dominant toxin sensitivity gene products in the host to trigger susceptibility (Liu et al., Table 4 . Evaluation of 6H markers identifi ed in the rpt.k and rpt.r region on 20 commonly used net blotch differential lines. Table 1 for line no. and origin of lines. ‡
The reaction of barley lines to P. teres f teres isolates 15A and 6A were classifi ed as resistant (R), moderately resistant(MR), moderated susceptible (MS), or susceptible (S). See Materials and Methods. § Kombar and Rika allele type were recorded as 0 and 1, respectively; absence of marker amplifi cation was recorded as 3. ¶ Bold markers co-segregating in the RK DH population.
# The simple sequence repeat (SSR) markers GBM1068 and Bmac0018 were previously reported by to map in this region. However, they were not included on the RK map because they could not be placed at the signifi cant LOD threshold. † † Allele type for SSR marker Bmag0496 recorded as A to J based on the band size (see Fig. 4 ). Table 1 , and the results of genotyping of these two and other markers are shown in Table 4 .
2009). Other fungi in the Dothideomycete class including P. tritici-repentis, Stagonospora nodorum, and several Alternaria and Cochliobolus species are known to produce host-selective toxins that act as eff ectors of pathogenicity (Wolpert et al., 2002; Friesen et al., 2008) . Recent work has shown that P. teres is also able to produce host-selective toxins (Sarpeleh et al., 2008) . Th erefore, we speculate that the barley-P. teres pathosystem at least partially involves host-selective toxins, and these two recessive genes are potentially toxin-insensitivity genes for which we have not yet identifi ed the corresponding toxin.
In conclusion, we showed that barley EST databases are a reliable and effi cient resource for marker development in barley. Th e comparative analysis revealed that barley, rice, and Brachypodium are closely related at the targeted 6H region harboring net form net blotch resistance, suggesting that genomic information from rice and Brachypodium will be useful in further investigation of this genomic region in barley. Th is work refi nes the physical location of rpt.k and rpt.r and provides a fi rst step toward map-based cloning of the two resistance genes. Table   Supplemental Table 1 accompanies this article online and is available at plantgenome.scijournals.org.
Supplemental
